ABSTRACT: Regions of low oxygen concentration (hypoxia) occur in both normal human physiology and under pathophysiological conditions. Fluorescent probes for the direct imaging of cellular hypoxia could be useful tools that complement radiochemical imaging and immunohistochemical staining methods. In this work, we set out to characterize the hypoxia-selective enzymatic metabolism of a simple nitroaryl probe, 6-nitroquinoline (1). We envisioned that this compound might undergo hypoxia-selective, bioreductive conversion to the fluorescent product, 6-aminoquinoline (2). The probe 1 was, indeed, converted to a fluorescent product selectively under hypoxic conditions by the one-electron reducing enzyme NADPH:cytochrome P450 reductase. However, inspection of the fluorescence spectrum and LC−MS analysis of the reaction mixture revealed that the expected product 2 was not formed. Rather, the 63-fold increase in fluorescence emission at 445 nm resulting from the hypoxic metabolism of 1 was due to formation of the azoxy-helicene product, pyrido[3,2-f ]quinolino[6,5-c]cinnoline 3-oxide (4). The generation of 4 involves an unusual biaryl bond formation under reductive conditions. The mechanism of this process remains uncertain but could proceed via combination of a nitroaryl radical anion with a neutral nitrosoaryl radical, followed by tautomerization and intramolecular condensation between the resulting hydroxylamine and nitroso functional groups. Bioreductive metabolism of nitroaryl compounds represents a promising strategy for the selective delivery of cytotoxic agents and fluorescent markers to hypoxic tissue, but the results described here provide an important glimpse of the chemical complexity that can be associated with the enzymatic one-electron reduction of nitroaryl compounds.
■ INTRODUCTION
The concentration of oxygen in normal human tissue is generally between 20 and 90 μM (14−65 mmHg); 1,2 however, regions of much lower oxygen concentration (hypoxia) occur in both normal human physiology and under pathophysiological conditions. 1−7 For example, many solid tumors contain significant regions of hypoxia. [1] [2] [3] 5, 6, 8, 9 In normal physiology, transient regions of hypoxia may play a role in regulating cell differentiation and organ development during embryogenesis. 1, 3, 4, 10 With growing interest in hypoxia comes an increased need for new tools that researchers can use to detect hypoxia in biological systems. Fluorescent probes for the direct imaging of cellular hypoxia could provide a useful complement to radiochemical imaging 11 and immunohistochemical staining methods. 12 One strategy for the development of fluorescent probes of cellular hypoxia involves identification of non-fluorescent nitroaromatic compounds that can be metabolized to a fluorescent amine derivative. 13−16 It is well established that nitroaromatic compounds can undergo intracellular enzymatic reduction selectively under hypoxic conditions. 17−22 This process involves a series of enzymatic one-electron reductions that ultimately produce the corresponding arylamine (Scheme 1). 17−25 It is generally assumed that the initially generated nitro radical anion is the key oxygen-sensitive intermediate that confers hypoxia selectivity to these metabolic processes. 20, 23, 24 Here we set out to characterize the hypoxic metabolism of a simple nitroaryl substrate, 6-nitroquinoline (1) . We envisioned that this compound might undergo hypoxia-selective, bioreductive conversion to the fluorescent product 6-aminoquinoline (2, Scheme 2). Compound 2 displays an impressive 205 nm Stokes shift 26 and has been used as a fluorescent reporter in a number of applications. 27−31 In the event, however, we found that the enzymatic reduction of 1 generated a fluorescent product of unexpected structure.
■ RESULTS AND DISCUSSION
Conversion of 1 to a Fluorescent Product by NADPH:Cytochrome P450 Reductase under Hypoxic Conditions. We first showed that the nitro precursor 1 is non-fluorescent in aqueous solution ( Figure 1A , column 1). We then employed the enzyme NADPH:cytochrome P450 reductase as a tool to carry out one-electron reductive metabolism of 1. We chose this enzyme because it plays an important role in the bioreductive metabolism of xenobiotics in humans.
19,21,22,32−37 For reactions carried out under anaerobic conditions, molecular oxygen was removed from the solutions by three cycles of freeze−pump−thaw degassing and the assay mixtures were assembled and incubated in an inert atmosphere glovebag. Assays were shielded from light to prevent possible photoreactions. Under hypoxic conditions, we observed that NADPH:cytochrome P450 reductase converted 1 to a fluorescent product, with a 63-fold increase in fluorescence emission at 445 nm ( Figure 1A , column 5). In contrast, little or no fluorescence was observed in an aerobic control assay ( Figure 1A , column 4) or in assays where a non-fluorescent electron acceptor was substituted for 1 ( Figure 1A , columns 2 and 3). Both the enzyme and NADPH were required for the conversion of 1 to a fluorescent product. Curiously, the fluorescence spectrum of the mixture generated by hypoxic metabolism of 1, consisting of a pair of emission maxima at 440 and 460 nm, did not match that for the expected product 2, which displays broad emission peaks at 445 and 530 nm ( Figure 1B) . Therefore, we were motivated to characterize the products generated in the hypoxic metabolism of 1.
LC−MS Analysis of the Mixture Generated by the Enzymatic Reduction of 1 Under Hypoxic Conditions. LC−MS analysis of the reaction mixture resulting from anaerobic metabolism of 1 by NADPH:cytochrome P450 reductase revealed two major products in addition to the starting probe 1 (Figure 2A ). The originally anticipated product, 6-aminoquinoline 2, was not observed in the LC− MS (this compound elutes at approximately 4.5 min under these chromatographic conditions, Supplementary Figure S1 ). The peak eluting at 19.4 min in the chromatogram displayed an m/z of 301 ( Figure 2B ). This mass-to-charge ratio is consistent with the [M + H] + ion of 6,6′-azoxyquinoline (3, Scheme 3). This compound can be envisioned to arise via a precedented type of condensation between the 6-nitrosoquinoline and 6-hydroxylaminoquinoline products expected from the reductive metabolism of 1.
38,39 Indeed, the LC−MS spectra of the 19.4 min product matched that of an authentic sample of 3 prepared via reduction of 1 by hydrazine hydrate in the presence of Raney nickel ( Figure 2E and F) . 40, 41 Importantly, 3 displayed no fluorescence in aqueous buffer and, therefore, could not account for the fluorescence generated by the hypoxic metabolism of 1. Accordingly, we turned our attention to the product eluting near 15 min in the LC−MS. This compound displayed an m/z of 299 ( Figure 2C ). This mass-to-charge ratio is not consistent with either a simple 6-substituted quinoline reduction product or a nitrogen-linked dimer such as an azoxy or azo compound. Rather, this result was suggestive of a more complex dimeric structure such as pyrido [3,2- (6.4 mM) under anaerobic conditions, (4) compound 1 (0.8 mM) + NADPH:cytochrome P450 reductase (1.1 U/mL) and NADPH (2.4 mM) under aerobic conditions, (5) compound 1 (0.8 mM) + cytochrome P450 reductase (1.1 U/mL) and NADPH (2.4 mM) under anaerobic conditions. Reactions were incubated for 18 h in sodium phosphate buffer at (12 mM, pH 7.4) at 24°C and then diluted with aerobic sodium phosphate buffer (12 mM, pH 7.4), and the fluorescence was measured (λ ex 307 nm, λ em 445 nm). It is important to note that NADPH exhibits fluorescence with an emission maximum at 445 nm. However, control experiments showed that unconsumed NADPH in the assays was ultimately converted to the non-fluorescent NADP + product by enzyme-driven redox cycling upon opening the reaction vessel to air and dilution with aerobic buffer prior to fluorescence measurements (Supplementary Figure S2) . (B) Fluorescence spectrum of the reaction mixture generated in the anaerobic metabolism of 1 by NADPH:cytochrome P450 reductase as described for reaction 5 above (orange line, with emission maxima at 440 and 450 nm) and fluorescence spectrum of authentic 6-aminoquinoline (2, 50 μM, λ ex 340 nm, in sodium phosphate buffer, 10 mM, pH 7.4). investigated the possibility that the helical molecule 4 might be the fluorescent product arising from the bioreductive metabolism of 1.
Synthesis of Azoxy Helicene 4 by Alkaline Glucose Reduction of 1. The suspected product 4 has an interesting history. This structure was first proposed in 1948 by Huisgen as a product resulting from the reaction of 1 with sodium methoxide. 44, 45 In 1965, this structural assignment was refuted by Farrar, who suggested that the product of Huisgen's reaction was actually the isomeric compound 5.
46,47 However, as part of his studies, Farrar suggested that an alkaline glucose reduction of 1 carried out earlier by Galbraith et al. in 1951 and originally proposed to yield 6,6′-azoxyquinoline 3 (based upon nitrogen analysis) did, in fact, produce the helicene 4.
46,48
Figure 2. LC−MS analysis of the reaction mixture generated by anaerobic metabolism of 1 (0.8 mM) by NADPH:cytochrome P450 reductase (1.1 U/mL) and NADPH (6.4 mM). The enzymatic reduction of 1 was carried out as described in the Supporting Information and the caption of Figure  1 . The reaction was dried, products were dissolved in methanol, and the mixture was analyzed by LC−MS. The column was eluted with a gradient of 99% A (water containing 0.1% acetic acid) and 1% B (acetonitrile containing 0.1% acetic acid) followed by a linear increase to 90% B over 30 min. The elution was continued at 90% B for 3 min, and then B decreased to 1% over next 8 min. A flow rate of 0.35 mL/min was used, and the metabolites were detected by their absorbance at 254 nm. Mass spectra were obtained using electrospray ionization in the positive ion mode. Seeking a chemical synthesis of 4, we carried out the alkaline glucose reduction of 1 by the method of Galbraith 48 and Farrar. 46 A blue fluorescent compound generated in this reaction did indeed match the thin layer chromatographic (TLC) properties of the blue fluorescent product generated in the hypoxic metabolism of 1. Therefore, we isolated this compound from the alkaline glucose reduction by preparative TLC and carried out full spectroscopic characterization (Supporting Information). High-resolution mass spectrometric analysis gave a molecular formula for the compound that was consistent with either of the dimeric structures 4 or 5. NMR analysis readily confirmed that the product was not a simple 6-substituted quinoline; rather, the presence of 18 distinct resonances in the 13 C spectra was suggestive of an asymmetric quinoline dimer. The 1 H NMR displayed 10 distinct resonances, consistent with the notion that two of the quinoline hydrogens had been replaced with an aryl−aryl bridge of some type. The proton at position 4 of the quinoline ring system in 5 was expected to be shifted substantially downfield to ≥9.3 ppm due to its proximity to the N-oxide oxygen (to facilitate comparison of the spectral data anticipated for 4 and 5, we employ a quinoline-based numbering system in this discussion). 49 However, no such downfield proton resonance was expected for structure 4. Thus, it was significant that we did not observe any resonances at 9.3 ppm or above in the 1 H NMR spectrum of the product from the alkaline glucose reduction of 1. The TOCSY and COSY spectra allowed unambiguous assignment of the resonances for the 4 and 4′ protons in the spectra, and strong support for the helicene structure 4 was provided by an NOE experiment showing that these protons are in close proximity. In the helicene structure 4, these protons are very close in space (2.5 Å, Figure 3) , whereas in the alternate structure 5, these protons are quite distant and therefore would not be expected to display a cross-peak in the NOE spectrum. Finally, the TOCSY, COSY, HMQC, and HMBC data were consistent with the azoxy helicene 4 ( Table  1 ). The structure of 4 was ultimately confirmed by X-ray crystallographic analysis (Figure 3) . 50 Evidence That the Fluorescent Product Generated in the Hypoxic Metabolism of 1 by NADPH:Cytochrome P450 Reductase Is the Azoxy Helicene 4. First, the results described above confirmed Farrar's 1965 supposition that 4 was produced in the alkaline glucose reduction of 1. Second, and more important to the current study, our characterization of the product arising from the alkaline glucose reduction of 1 provided us with an authentic standard of the helicene 4 that could be compared to the fluorescent product generated in the anaerobic, enzymatic metabolism of 1. Along these lines, LC− MS analysis showed that the retention time and mass spectrum of the product generated in the enzymatic metabolism of 1 eluting near 15 min matches that of the authentic helicene (Figure 2) . Furthermore, the proton NMR spectrum of the enzymatically generated product mirrors that of the authentic helicene 4. Finally, an NOE experiment confirmed the proximity of the 4 and 4′ protons in the enzymatically generated product (Supplementary Figures S12 and S13) .
The fluorescence spectrum of the authentic helicene ( Figure  4 ) closely resembles that produced by the hypoxic metabolism of 1 ( Figure 1B) , with emission maxima at 440 and 460 nm. Calibration curves generated using authentic 4 allowed us to estimate that the enzymatic reduction of 1 generates the helicene 4 in about 10% yield. Although NADPH:cytochrome P450 reductase has shown the ability to reduce an azoxy functional group to the corresponding azo group in other molecules, 51, 52 we find that the azoxy helicene 4 is refractory to reduction by this enzyme system under our reaction conditions.
■ CONCLUSIONS
We did not observe the expected hydroxylamino or amino products in the one-electron enzymatic reduction of 1 by NADPH:cytochrome P450 reductase under hypoxic conditions. Rather, we obtained a helicene product 4 arising from an unusual biaryl bond formation under reductive conditions. The mechanism underlying formation of the helicene 4 remains uncertain, but one plausible pathway involves combination of a nitroaryl radical anion with a neutral nitrosoaryl radical, followed by tautomerization and intramolecular condensation of the resulting hydroxylamine and nitroso functional groups as shown in Scheme 4. The initial reaction could be driven by formation of hydrogen bonded and stacked aggregates similar to those proposed in the radical polymerization of aniline derivatives. 53 Bioreductive metabolism of nitroaryl compounds represents a promising strategy for the selective delivery of cytotoxic agents and fluorescent markers to hypoxic tissue. [13] [14] [15] [16] 54, 55 However, in many studies, even when hypoxia-selective agents have been developed, the products resulting from enzymatic reduction of the nitroaryl precursors have not been chemically characterized. 15, 16, 54, 56 The results described here provide a useful indication of the chemical complexity that can be associated with the bioreduction of nitroaryl compounds.
■ EXPERIMENTAL SECTION
Materials and Methods. The compound 1,2,4-benzotriazine-1,4-di-N-oxide was synthesized according to literature methods. 57 Hypoxic Metabolism of 1 by NADPH:Cytochrome P450 Reductase and Fluorescence Analysis of the Resulting Mixture. For anaerobic reactions, all reagents except NADPH and cytochrome P450 reductase were degassed in Pyrex tubes by three cycles of freeze−pump−thaw. The tubes were torch-sealed, transferred to an inert gas glovebag, scored, broken open, and bubbled with argon (5 min). Solutions of NADPH were prepared in the glovebag using degassed water. Assay mixtures were assembled in the glovebag, wrapped in foil to protect them from light, and incubated in the glovebag. In a typical reaction, 1 (4 μL of a 50 mM solution in DMF, final concentration 800 μM) was mixed with NADPH (20−160 μL of a 10 mM solution in water, final concentration 0.8−6.4 mM), NADPH:cytochrome P450 reductase (2 μL of a 140 U/mL stock solution, final concentration 1.1 U/mL), sodium phosphate buffer (6 μL of a 500 mM, pH 7.4 solution, final concentration 12 mM), and water to obtain a final volume of 0.25 mL at room temperature (24°C ). After 18 h, the reaction was brought to a final volume of 1 mL with aerobic sodium phosphate buffer (50 mM, pH 7.4). After incubation at room temperature for 1 h, the fluorescence was analyzed. The fluorescence spectra were obtained on a Varian Cary Eclipse fluorescence spectrophotometer equipped with a xenon flash lamp using 10 nm slit widths and a 10 mm path length cuvette.
LC−MS Analysis of Products Generated in the Hypoxic Metabolism of 1 by NADPH:Cytochrome P450 Reductase. In vitro enzymatic metabolism of 1 was carried out as described above. The resulting products were extracted into ethyl acetate, the organic layer was washed with brine, and the ethyl acetate was removed by rotary evaporation. The resulting solid was redissolved in methanol and analyzed by LC−MS in the positive ion mode. Separation was carried out using a C18 reverse phase Phenomenex Luna column (5 μm particle size, 100 Å pore size, 150 mm length, 2.00 mm i.d.) on a ThermoSeparations liquid chromatograph (TSP4000), and the metabolites were detected by their UV absorbance at 254 nm. The elution began with a 99:1 mixture of A (water containing 0.1% acetic acid) and B (acetonitrile containing 0.1% acetic acid), followed by a linear increase to 90% B over the course of 30 min. The elution was continued at 90% B for 3 min and then returned to 1% B over the next 8 min at a flow rate of 0.35 mL/min. The LC−ESI-MS analyses were carried out in the positive ion mode on a Finnigan TSQ 7000 triple quadrupole instrument using a 250 kV needle voltage and a capillary temperature of 250°C.
Synthesis of 1,2-Di(quinolin-6-yl)diazene Oxide (3). We employed a variation of the general method of Boge et al. for the reduction of an aromatic nitro group to a hydroxylamino group. 58 Earlier work indicated that azoxy compounds were generated in the reduction of nitroaryl residues by Raney nickel. 40, 41 To a solution of compound 1 (0.5 g, 2.87 mmol) in a mixture of EtOH/CH 2 Cl 2 (1:1, 20 mL) at 0°C in an ice/salt bath was added a Raney nickel slurry (0.5 mL, active catalyst in water, Sigma-Aldrich catalog number 221678). To this mixture were added five portions of hydrazine hydrate (approximately 0.3 mL each) at approximately 15 min intervals until 1 was almost completely consumed as judged by TLC (1.5 mL, 30 mmol total amount of hydrazine hydrate added), and the resulting mixture was then stirred overnight. The solid was removed by filtration, and the resulting solution was washed with brine and then dried over Enzymatic Generation of Pyrido[3,2-f ]quinolino[6,5-c]-cinnoline 3-Oxide (4). Compound 1 (0.2 mL, of a 50 mM solution in DMF, final concentration 0.8 mM) was mixed with sodium phosphate buffer (0.3 mL, of a 500 mM solution, pH 7.4) and water (12.0 mL) in an argon-purged glovebag, and the solution was bubbled with argon (20 min). To this mixture were added NADPH (25 mg of the tetrasodium salt, 0.033 mmol, final concentration 2.6 mM) and NADPH:cytochrome P450 reductase (0.03 mL of a 140 U/mL solution, 0.34 U/mL final concentration), and the reaction was stirred inside the glovebag for 18 h. The reaction was extracted with ethyl acetate (20 mL), and the organic extract was washed with brine and then dried over magnesium sulfate. Column chromatography on silica gel eluted with ethyl acetate and methanol (99:1), followed by preparative TLC eluted with ethyl acetate and methanol (99:1), gave 4 (five reactions were combined to yield 0.3 mg, 2% yield). The 1 H NMR and LC−MS properties of this material matched that of authentic 4 prepared as described above. 
